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An oversimplified cartoon for jet evolution in a QGP

uum” cascade
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Jets in hot plasmas

Jet quenching pheno is based on understanding

Medium induced radiation O(«,)

Momentum broadening @(ag)
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Jets in hot plasmas ) C
How do we deal with these in jet quenching theory? %‘2
&Y

Eikonal expansion with kinetic phases

Classical background, if possible infinitely long, homogeneous, static ...

Q One can gain analytical insight into the problem: BDMPS, GLYV, ...

Q Jets decouple from the plasma: what are we seeing in the plasma?
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Today: jet evolution in dense plasmas with structure (i.e. anisotropic)

“jets” in a gradient field
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Jets in hot plasmas

How large can these effects be?

In the dilute regime, we can look at the leading moments

sub-eikonal vs enhancing medium factor
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Outline

@ Momentum broadening in dense anisotropic media

@ Radiative energy loss In dense anisotropic media




Momentum broadening in anisotropic media €] DrooKkhaven

Transverse plane

Initial jet onenta’uon

<+
Medium: static slab length L
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Momentum broadening in anisotropic media

The medium iIs described by a classical field

Model dependent elastic scattering potential for source |

No energy transfer in each scattering: transverse t-channel gluon exchanges only

gAY (q) = —(2m) g0 Y e M@tz 190 (q) 6 (¢°)

A)\a
ext
where we use the GW model

_g2

—q3 + @ + @2 + pi — e

Medium
constituent

vi(q) =

Medium statistics follow from 2-gluon approximation

ayb _L a4b T ab
(tt dtgttr(tt) 20R5 ;0

Probe interacts with the same scattering center in
amplitude and conjugate amplitude

Only non-trivial correlator
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Momentum broadening in anisotropic media

1] Compute all diagrams up to 2N field insertions Q.= %% 5. =p/- 3 ¢m o =1

m=n

For example, the diagram with r = N insertions at distinct 1, reads

. - dzqn +4Q a —i1Qn ;. —1 Zi, —2Z;
ZM'r — H Z/ (27‘_)2 throjtin ein,in_le qn%zne Qn( in zn—l) v’in (qn) J (pzn)

For each /N, square and average the respective diagrams

(IMZ) = (IMol2) + (|Mi[2) + (MuM;) + (MoM3) + (IMaf) + (MaM3) + (MyM;) + (MoM3) + (MoM;) +.
N——

*
N=0 N=1 N=2

The averaging is performed by taking the limit of continuous distribution in the medium

2
Z Ji= /dzw dz p(x, z) f(x, 2) o Z)VT - (()x’ ?) > B, e~ {antdn)zn

Density of scattering centers

= (2m)* 0" (¢, £ q,,)




Momentum broadening in anisotropic media

Resum the Opacity Series

A detailed derivation shows that the square amplitude for 2NV insertions has the form

N

<‘M‘ >(N) H

n=1

Zn+1

) o]

where we identify the effective scattering potential

d*q,

5 V(@n, 2n)

IJ(E,Pin)\z

Vig,z) = ~Colz (|’U )N —5(2)(4)/d2l |v(l2)|2>

The resummation in this case gives:

dzp d2 z (x—7)
dzwdE Z / ’

N=0

(=D)N V(r)L)®

e

INO ey GNO

N!

d2rdE d?xdF

©
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Momentum broadening in anisotropic media

When averaging in we used

5= [ dwdzpla) (w2 - [ day e (2n) (g, £ 4,

VT =90
For anisotropic media this no longer holds; hard to tackle in general

We perform a gradient expansion for the 2 relevant parameters: p and u
p(x,2) = p(2) + Vp(2) - pi(w, 2) = pi(2) + Vui(z) -

So that when averaging instead of a momentum space Dirac delta one obtains

0
a(Qn L qn) o

5(2) (qn — an)

T TS e~ anEqn)Tn _ 4 (27r)2

/4

N

iy =TT | [ e [ 22 (1 ) YCEERUR Sl C A w%)) (“1"Vi(@r) - Vrlaw)l (B, pin)

n=1 _ 0 k=m

N
Pn =Df — D GQm, Din = D1
m=n 10
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Momentum broadening in anisotropic media

Proceeding as in 3| we find that V(z) = 2% V(x)
AN D) d*p d°r ip-(x—r N v) 1 L | —m)p - V(r) 2 l 1 —m 2 VV(r) :
2xdE :/ (2m)? rENTnL {N! " E(N +1)! Xm; _(NH P <V(r) vh +pr) HINV A=Y VP

(1 (1 r _ 0)
+z'(N+1—m)(VVV(£))+(N—m)‘;( ) VV( )) V2 }‘W .

N _ v [ Y@L (V@G o ] | VO | VY@L (V@) g o 1y ) g WO
LxdE  © b= Vi + Vo |- VV@)| T 0m Vi) YV T V) Y dadE

11
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Momentum broadening in anisotropic media

Compute an effective in-medium propagator

G Gy Gy G
T S O S O U S
This results in an effective propagator G
T L L z=0 (XL’ L)
G(xp, L;xo,0) = /Dr exp (Zf/drﬁz) P exp (—i/thgmjv“(r(T),T)) /
0 0 0 T 0
(X09 ) =L
Compute the relevant Feynman diagrams
dzp’i’ndzﬁin — % [—
(M) = [ PP Gy, 1, 0G0, LiBis )T i) (B) s [ _—
' "G pr| Pr| G ‘m
94ei(a) = =(2m) g°v*(9) 6 (0))  vo(q) = X, e T T 2 wi(a) J

12



Momentum broadening in anisotropic media

Solve the remaining average of dressed propagators
Option 1) Solve first the path integrals and then average Equivalent to Opacity Series approach

Option 2) Perform the average before integration

In practice, by solving the remaining integrals one performs the resummation of averaged quantities directly

The key step is to use the fact that the color average of potential at different positions

d2q dqz d2a d@ 6'zlq-('r'—ar:) 6—2’6- ('T°—ar:)ez'qz (T—z)e—iqz (T—2)
(2m)S  (@®+ @2+ p*(x, 2)) (@ + T + 13 (w, 2)) |

(tgmjv“(r,T)tgmjva(F, 7)) =Cg* /dz d*x p(x, 2) /

implies for VT = 0

<P - (_i /OL dr 1o v (r(r), 7-)) P exp (z /OL d?tgmjvb(F(?),?))> = exp {—/L dr V(r(r) — F('r))}

L? Brookhaven

National Laboratory
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To linear order in gradients from we find now

r
. q b b= =\\ r(7) +7(7) | i 2i - 2q e
<tprojv (T, T)tprojv (ra T)) — (1 + 2 . Vp(sp + V/J’ 5,&2 C 5(7’ — 7') pg4 (271‘)2 (qz n /1,2)2
One can still show that the 2-point correlator exponentiates 5
before I
L L
<7J exp (—z/ dr tgmjv"’(r(T), 7‘)) P exp (z/ d?tgrojvb(F(?),?))> = exp {—/ dr V(r(t) — 'r('r))}
0 0
0
.

<Pexp (—z’ /O Cdr 2w (r(r), T)) P exp (z /O ’ dr b W (F(T), T))> — exp {— O/L dr [1 L) ‘; F@ - (Vp% + Vuzé%)] V(r(r) - r(T))}

Center of mass of dipole Dipole size

14
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Momentum broadening in anisotropic media

20 2
Combining all the results, computing (|1/]?) = /d1?’2”75)?”(62(”,L;pm,O)GT(pf,L;z_?m,0)>J(Pm)J*(z_7m)

Is reduced to finding a close form for

\

ur, wr, ) I3
<G(€BL,L;ZBO,O)GT(EL,L;Eo,O» — /DU/Dw exp < / dr [iEw-w—(14+w-g)V (u(r))]} u r—rT
Y ’ w =

uQ wo

After some algebra, the particle distribution reduces to

AN ©)
d2uydE

dN 1
d?xdE L2

Py P 8 (@ — ug) 89 (ig(L)) exp {_ f Y ("‘C(T”}

|

u.(7) = ur + %g}V(uL) {(T _QL)Z}

15
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Momentum broadening in anisotropic media

For real J this leads to

AN L3 ) , 0 1 aN© 412 ) 5 0 AN
Bl = &P {=V () L}{ _1 GEVV (x) - (Vpg + Vi W) V(:L') il | 2E (Vpg + Vi 5—“2) V() - Vd2:1:dE
Same result as in Opacity Expansion approach
For time dependent medium profile g(7) = (Vo) &+ Vid(r) )

q

L 7] | L ¢ .
dC/d§+(L—T)/d€> OV (2.6) +;/d§/d§g(§)V(m,§)-V}Cij;/;;

0

i L
AN - '
dedE:eXp{_/o dTV(a:,T)} { 1—%/d7'vv<513,7'). (
_ i 0

h\ﬂ
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Momentum broadening distribution

iL3 ) 6 AN © L2 6 5 0 dN©

The final distribution has the form  zp~e» (V@ L}{ V@ (Vg V) Ve s + s (

dN . dN(O) In the literature referred to as single particle broadening distribution (when Fourier transformed)
— P (CE) S (w) Usually a unit operator, but now it acts with V on initial distribution
2 2 |
d“zdl re— m— d*xd L Effective factorization no longer holds in general due to operator nature
dN dN dN© AN ©
. 2 _ _ — 2
=t / TP PpdE ~ Pwdb  dmdB| / T
: : v g : AN E)
We consider first the case of a source with finite width E— _ le 202
d*pdE 27w
It is possible to show that even though (p) =0
higher odd moments can be generated, for example
<pa p2> _ ’sz2/L2 vap n E | L3N4 vap n E 2 Higher N terms dominate due to diverging potential at large momenta
EXN p L 6EX2 p L

17
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- g - _ Cgq* | |
If we neglect initial state effects, then we are left with X = gupzli medium opacity
2 —ip-x ,—V(x)L - 1L A - AL aw 2 0y d€ " 4,4
P(p) = | d°xe PTe V@] VYV (x)- gV (x) where for GW model — VW () = p’x’log ——— + O (u'z*)
i 6L ] P2 > 112 X pE

In the hard region where p? > xp® it can be written in a closed form

2 4.2 2 4.2 4 2
P(p)247r,ux+167wx< P )+47TMXL[VP(]OgIL_4)_V”].£

log — — 2
p* p° p? 3E p pu

: 2 12y
In the complementary region where p? <« p* < xp® one has gVGW(w)zu2m2 (log%+log de E)

X Q2w2
- 2 - 2
4 L P -22tlogln (Vp o 1 Wi e @ -
P(p) o 2 Q2 14 oL 2 Q2 Q2 92 'P|€ # Usual Gaussian distribution
X logF i X logF p logF H |

Gradient effects seem to be more relevant around the distribution average

18
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Momentum broadening distribution

For the full GW model we have

depletion of higher momentum modes

VTT E 1+ ;
0.500; d
- ~ 0.100}- / / .
~ : ' _*
R 0.050} /
| !
QL >
o _ _ _ _ ootof . No gradients Enhancement of higher modes
The full distribution is written in terms of the (oesl - €7=0.02, 6=0
angle @ and parameter cr = | 55| - €r=0.002, =0
- ¢7r=0.02, 0=n P »
—— ¢7=0.002 , O=n gradient effects relevant around peak
0.05 0.10 0.50 1 5 10
r 2,2 p1 [GeV]
LYW (g X pL
P(p) = ZW/dexLe Ve L)L{Jo(pgm) T rTL Ko(pxy) Ji(prxy)

0

X [1 —3pux  Ki(px,)+ ,U/2CU?LK2(,LLCU_L)] COS 9}
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Transverse plane

- Medium: static slab length L
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Induced soft gluon spectrum

In Opacity Expansion style calculation one needs to compute

Beyond N=1,
this seems to be
quite hard to do

21
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In the BDMPS-Z style calculation only averaging changes

(1)

-

Lo t 2

see e.g. 1209.4585, J.-P. Blaizot, F. Dominguez, E. lancu, Y. Mehtar-Tani

t~




Induced soft gluon spectrum

€o

For an arbitrary kernel we can always write

We take the splitting: y© (¢, y) = %(m — y)2

asCF

dN(©) = 5 2§R/ e "*ZP(z,L - 3)

X | —(L—-38)V(2)F + (1 —(L—-35)V(2)F -

) 6y=0’C£JO) (Z, 5 Y, 3|O)

2

J.B., X. Mayo, A. Sadofyev, C. Salgado

Brookhaven

National Laboratory

In this case, we can write the squared amplitude as

’Cw(za §; Yy, 3|i130) —

z(L — 3)2

dN =

2w

VO (x,y) =

w+yq

V(2)F az) 5,

R B e
sszxg q |

dN© 4 dNW

2

dNY =

(@ —y)’

1‘12 |

- Solved' o

(Gu(2,8;y,8)W'(0; 8, 5))

F =Vpi,

aSC —ik-z — —
R [ PO L 90, By-ok ) (55w, 0

23
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Induced soft gluon spectrum

One can compute the spectrum at linear order in gradients with

The final result is not particularly illuminating. In summary:

-~ The same result is (seemingly) harder to recover by resuming the Opacity Series

-~  Gradient effects do not affect energy loss, as expected

. TR L d1©
For pheno it is important to have the soft gluon limit: still holds dN{.,, =~ / dsP(k,L — 5) wdw =
0

Very schematically: [n soft gluon limit kb2 > kf2

a,C _ —iqg,-z iq,-T -
AN = w2F2§R|:»/§szm 3y=mo’Cw(Z,3;y,3|mo)'8@=wo/q . e "1 VS (k k. co: q, gy, 5)|J(x0)|?
. . /2 A v P A
Gluons typically acquire momentum kf ~ A/ g Gluons typically acquire momentum kb ~ gL

24
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Conclusion

@ Momentum broadening in dense anisotropic media

The broadening distribution can be resumed for non-flowing anisotropic media

Final distribution gives parametrically small corrections to the leading result.
However, these contribute at leading order in the azimuthal distribution

@ Radiative energy loss in dense anisotropic media

BDMPS-Z style calculation is in principle possible in the multiple scattering regime

Pheno oriented effective soft factorization is not broken

Further observable oriented calculations are needed to gauge and extract these effects

25
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Medium response 1o jets Jet response to medium




k? Brookhaven

National Laboratory

Outlook

71 et + Medium - .
| | No “analytical” approach, but fundamental for pheno
- H10.5 I
3- 9.0 ) 1
1175 I 1.6 ' ' | ' |
SN CX Inclusive, PbPb (2.76 TeV)
1 | % ‘T\ ! 1517 Jist> 100 GeV/e, R=0.3 T
SHles ': 1.4 4, 1.7 GeV¥fm, w = 1.0 GeV/c .
5L 1 Q trk, hyd
B/ ~ pr> > 1.0 GeV/c }
7} (a) 7=2.0fm/c & 1.3 -
Ve ot + Mod e N 8- CMS (0-10 %) |
L — P - 0 ]
"l T Ve :&: 1.2 - —— Shower+Hydro ¢ e y
5t W5 g e —== Shower |
[ : Al 11 | ______' —
3L [{2.4 bo_‘ :
- [2.0 Q. —
16 1
= e
- |{o.8 09 r -
'3;' 10.4 -
5: ! 08 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
7 (c) T=4.8fm/c T
02 AR EUUDRT S oy

Requires more modeling

jets



